Encapsulating peritoneal sclerosis (EPS) is a rare but severe complication of peritoneal dialysis (PD) characterized by extensive fibrosis of the peritoneum. Changes in peritoneal water transport may precede EPS, but the mechanisms and potential predictive value of that transport defect are unknown. Among 234 patients with ESRD who initiated PD at our institution over a 20-year period, 7 subsequently developed EPS. We evaluated changes in peritoneal transport over time on PD in these 7 patients and in 28 matched controls using 3.86% glucose peritoneal equilibration tests. Compared with long-term PD controls, patients with EPS showed early loss of ultrafiltration capacity and sodium sieving before the onset of overt EPS. Multivariate analysis revealed that loss of sodium sieving was the most powerful predictor of EPS. Compared with long-term PD control and uremic peritoneum, EPS peritoneum showed thicker submesothelial fibrosis, with increased collagen density and a greater amount of thick collagen fibers. Reduced osmotic conductance strongly correlated with the degree of peritoneal fibrosis, but not with vasculopathy. Peritoneal fibrosis was paralleled by an excessive upregulation of vascular endothelial growth factor and endothelial nitric oxide synthase, but the expression of endothelial aquaporin-1 water channels was unaltered. Our findings suggest that an early and disproportionate reduction in osmotic conductance during the course of PD is an independent predictor of EPS. This functional change is linked to specific alterations of the collagen matrix in the peritoneal membrane of patients with EPS, thereby validating the serial three-pore membrane/fiber matrix and distributed models of peritoneal transport.
Peritoneal dialysis (PD) is a technique of RRT used by approximately 200,000 patients with ESRD worldwide, a prevalence that is rapidly growing in many parts of the world. 1, 2 Functional alterations of the peritoneal membrane constitute an obstacle to long-term PD, because they are associated with technical failure and increased morbidity and mortality. [3] [4] [5] Prolonged exposure of the peritoneal membrane to nonphysiologic dialysis solutions leads to vascular proliferation, vasculopathy, and peritoneal fibrosis, with ensuing loss of ultrafiltration (UF) capacity resulting from enlarged vascular surface area, faster peritoneal solute transport rate, and early dissipation of the osmotic gradient. 3, 4, [6] [7] [8] [9] Encapsulating peritoneal sclerosis (EPS) is an exaggerated fibrogenic response of the peritoneal membrane, leading to encapsulation of the bowels and intestinal obstruction. This entity constitutes the most severe complication of PD (for review, see Korte et al. 10 ). Although EPS affects a minority (0.9%-3.5%) of patients on long-term PD, it has a mortality rate reaching 50%, resulting from intestinal occlusion, malnutrition, and sepsis. 10 EPS is probably a multifactorial disease, in which PD duration represents an important risk factor. [11] [12] [13] Other conditions that have been inconsistently associated with EPS include cumulative glucose exposure, younger age, peritonitis episodes, b-blockers, and kidney transplantation. [11] [12] [13] Surprisingly, symptoms of EPS occur after PD withdrawal in most cases. [11] [12] [13] There are currently no definitive criteria that enable the detection of early stages of EPS. Arguably, a better understanding of the early phase of the disease may help in identifying patients at risk and developing prevention strategies. Preliminary studies suggested that a progressive loss of UF capacity often precedes EPS development. 14, 15 However, these studies were limited by small numbers, the absence of appropriate matching with long-term PD controls, and/or a lack of evaluation of free-water transport. In addition, the mechanisms of impaired water transport in patients with EPS have not been investigated and remain unelucidated.
In this study, we took advantage of a large cohort of incident PD patients who underwent a systematic functional evaluation of the peritoneal membrane at baseline and during the course of PD, and of a unique collection of peritoneal biopsies to evaluate the specific changes in transport parameters and molecular components of the peritoneal membrane of patients with EPS versus appropriate controls. For the first time, we provide evidence linking the development of a specific fibrotic reaction with an early loss of water transport in the peritoneal membrane of patients with EPS.
RESULTS

Early Loss in UF and Sodium Sieving Predicts EPS
We first assessed the evolution of peritoneal transport parameters in PD patients who subsequently developed EPS, compared with PD controls without EPS, matched in a 1:4 ratio for PD duration and sex. Peritoneal function was assessed yearly, with a modified 3.86% glucose-based peritoneal equilibration test (PET). We identified 7 cases of EPS among the 234 ESRD patients who initiated PD at our institution between January 1, 1994 and December 31, 2013, representing an overall incidence of 3.0%. Demographic and clinical features of patients with EPS are presented in Table 1 ; mean age at PD onset was 47.563.6 years, the sex ratio was 5 men/2 women, and mean PD exposure was 57.867.6 months. EPS occurred after PD withdrawal in 5 of 7 patients.
The comparison of baseline demographic and clinical data between cases and controls is shown in Table 2 . The matching for PD duration and sex was effective. The net UF, sodium sieving, and small solute transport parameters at baseline were similar in both groups. There were no significant differences in terms of PD modality, glucose exposure, and peritonitis rates. The longitudinal evolution of peritoneal transport parameters is shown in Figure 1 . A total of 147 PETs were analyzed, and the mean number of PETs per patient was 4.360.5 and 4.060.3 in the EPS and control groups, respectively. Patients who subsequently developed EPS showed a progressive decline in water transport, with significantly lower net UF values during the last 2 years on PD compared with matched controls ( Figure 1A ). This loss of UF capacity was associated with an increased solute transport ( Figure 1B) . Importantly, increased solute transport did not fully account for the disproportionate loss of water transport, suggesting an uncoupling between water and solute transport in the EPS peritoneal membrane ( Figure 1C ). In parallel, sodium sieving-a reliable indicator of free-water transport and osmotic conductance-progressively decreased in the EPS group with time on PD, and this decline was faster in EPS than in controls (annual loss in sodium sieving 20.01160.001 versus 20.00360.001 in EPS versus control patients, respectively; P=0.01) (Figure 1 , D and E). The reduced osmotic conductance observed in patients with EPS during the last 2 years on PD was associated with higher glucose exposure and a trend toward better preserved residual renal function in the same period compared with PD controls (Supplemental Figure 1) .
We next performed a multivariate analysis to test the predictive value of low sodium sieving values during the course of PD for subsequent development of EPS (Table 3) . In this cohort, a first model (without considering sodium sieving values) identified younger age at dialysis onset, longer PD duration, lower residual kidney function, b-blocker use, and peritonitis rate as risk factors associated with EPS (Table 3) . Among all potential risk factors integrated in this model, glucose exposure was the only variable that was not independently associated with the disease. Adding sodium sieving to the model showed that impaired free-water transport is a powerful and independent risk factor associated with EPS, outperforming other variables (Table 3) . Logistic regression analysis showed a gradual increase in the risk of EPS with declining sodium sieving during the course of PD. In this cohort of long-term PD patients, the risk of EPS is negligible for patients with preserved UF capacity and sodium sieving during the whole course of PD, but increases .25% for sodium sieving values #0.04, and to .50% for values #0.02. This risk is even greater for patients developing UF failure during the course of PD (Figure 2) .
Altogether, these analyses demonstrate that UF capacity is impaired in patients with EPS before disease onset, resulting from an uncoupling with solute transport. Furthermore, there is a significant decline in sodium sieving in patients with EPS compared with matched long-term PD controls. Multivariate analysis demonstrated that impairment in osmotic conductance to glucose during the course of PD is the most powerful indicator for the development of this rare complication and can help in identifying patients at risk.
Expression of Aquaporin 1, Endothelial Nitric Oxide Synthase, and Vascular Endothelial Growth Factor in the EPS Peritoneum Because aquaporin 1 (AQP1) water channels mediate freewater transport and sodium sieving during PD, 16 we evaluated their expression in the peritoneal membrane of patients with EPS and long-term PD controls (Figure 3 ). Clinical and functional characteristics of patients with EPS and PD controls from whom peritoneal biopsies were analyzed are provided in Supplemental Table 1 . The duration of PD exposure (62.469.3 and 62.869.2 months in controls and patients with EPS, respectively; P=0.98) and the number of peritonitis episodes (1.560.4 and 1.460.4 in EPS and long-term PD, respectively; P=0.91) were similar in both groups. Parameters of peritoneal water and solute transport were comparable to those of the case-control study cohort.
Confocal immunofluorescence microscopy showed similar patterns of expression and density of AQP1 in the endothelium lining peritoneal capillaries in patients with EPS and controls (mean fluorescence intensity in AQP1-positive areas: 7965 arbitrary units [AU] versus 8266 AU in EPS and PD controls, respectively; P=0.71) (Figure 3 , A-C). By contrast, the expression of the vWf, used as endothelial marker, was significantly upregulated in samples from patients with EPS compared with controls (mean fluorescence intensity in vWf-positive areas: 9065 AU versus 7363 AU in patients with EPS and PD controls, respectively; P=0.01) (Figure 3 , A-C). vWf-stained area was also significantly increased in the peritoneal membrane of patients with EPS compared with PD controls (P=0.01), together with a parallel increase in AQP1-positive area ( Figure 3D ).
Immunoblotting ( Figure 3E ) confirmed a virtually unchanged expression of AQP1 in the peritoneal membrane of patients with EPS, contrasting with the increased expression of the endothelial nitric oxide synthase (eNOS) compared with PD duration-matched controls and uremic patients (relative AQP1 expression: 0.9660.06, 0.9460.12, and 1.00 [reference value], respectively; P=0.99; and relative eNOS expression: 10.860.1, 3.360.9, and 1.0 [reference value], in the peritoneal membrane of EPS, PD, and uremic patients, respectively; P,0.001) ( Figure  3E ). The upregulation of eNOS in the peritoneum of patients with EPS was paralleled by an increased expression of the vascular endothelial growth factor (VEGF)-A (relative VEGF-A expression 62.8614.4, 5.864.2, and 1.0 [reference value] in EPS, PD, and uremic peritoneum, respectively; P=0.003) ( Figure 3E ).
Overall, these data demonstrate that the impaired UF capacity and free-water transport observed in patients with EPS was not associated with an alteration in the expression of the AQP1 water channels, but was associated with a significant upregulation of eNOS and VEGF.
The Peritoneal Membrane of Patients with EPS Undergoes Severe Angiogenesis and Submesothelial Fibrosis
Because both eNOS and VEGF promote angiogenesis and vascular permeability, 17 participating to fibrinogen leakage and stroma generation, we next evaluated the degree of angiogenesis and fibrosis in the peritoneal membrane of uremic, longterm PD, and EPS patients ( Figure 4 ). Vascular density and submesothelial thickness were evaluated by light microscopy, in vWf-or picrosirius red-stained peritoneal sections, respectively, and quantified in each group. Compared with patients with uremia ( Figure 4 , B, F, and J), exposure to PD led to vascular proliferation and peritoneal fibrosis in the submesothelial area (Figure 4 , C, G, and K), both processes progressing in parallel in the membrane ( Figure 4 , M-O). For a same PD duration, patients with EPS had increased vascular densities and submesothelial thickness compared with controls (vascular density: 19.562.1 versus 10.561.2 vessels/field, P,0.01; submesothelial thickness: 549656 versus 287634 mm in patients with EPS versus PD controls, respectively; P,0.001), with slopes of fibrosis progression that were significantly higher in the former group ( Figure 4P ; P=0.001). Signs of vasculopathy also increased with time on PD but to a same extent in patients with and without EPS (lumen-to-vessel ratio of postcapillary venules decreases from 0.7260.03 in uremic patients, to 0.5160.07 and 0.456 0.06 in PD controls and patients with EPS patients; P=0.57) (Figure 4 , E-H, Supplemental Figure 2 ).
These data demonstrate that patients with EPS are characterized by an excessive angiogenic and fibrotic response to PD exposure in the peritoneal membrane, causing severe peritoneal remodeling and scarring.
Specific Changes in Collagen Density and Quality in the Peritoneum of Patients with EPS
To test whether EPS was associated with qualitative changes in the peritoneal interstitium, we next assessed peritoneal collagen density and structure using picrosirius red polarization microscopy. This methodology allows the detection and structural analysis of collagen content based on its anisotropic molecular organization and birefringence under polarized light 18, 19 (Figure 5) . These analyses revealed a 1.8-and 2.7-fold increase in the density of collagen fibers in the peritoneum of patients with EPS compared with control PD and uremic patients, respectively (collagen volume fraction: 40.9%6 2.9%, 22.3%6 1.5%, and 14.9%60.7% in EPS, PD, and uremic patients, respectively; P,0.001) ( Figure 5 , A-D). The increased density was paralleled by a change in the structure of collagen bundles in the submesothelial area, with an accumulation of thicker, red-orange fibers in the EPS peritoneum, whereas the relative amount of thinner, green-yellow fibers remained unchanged (relative increase in red-positive area in the submesothelial area: 2.260.2, 1.560.2, and 1.060.1 [reference value], P=0.002; relative increase in green-positive area: 0.860.2, 1.060.1, and 1.060.05 [reference value], P=0.59, in the submesothelial area of EPS, PD, and uremic patients, respectively) ( Figure 5 , E-K). These data demonstrate specific qualitative changes in the fibrotic interstitium of patients with EPS, with increased collagen density and more abundant thick collagen fibers.
Fibrotic Changes in the Peritoneum of Patients with EPS Associate with Impaired Water But Not Solute Transport Finally, we tested whether the morphologic changes observed in the peritoneal membrane of patients with EPS are involved in the early loss of osmotic conductance to glucose that characterizes these patients. Indeed, the three-pore model suggests that an expanded fibrotic interstitium constitutes an additional barrier to the transport of water and solute between peritoneal capillaries and the dialysate. 20 Accordingly, peritoneal remodeling could impair UF and free-water transport despite the fact that the capillary a c (reflecting the relative capillary density of AQP1) is kept unchanged. 20 We therefore evaluated the correlation between water transport and structural changes in the peritoneal interstitium ( Figure 6 ). Both net UF and sodium sieving were inversely closely correlated with submesothelial thickness and with collagen volume fraction in the submesothelial area ( Figure 6 , A, B, D, and E, Table 4 ). By contrast, peritoneal fibrosis was not associated with impaired peritoneal solute transport, estimated by the dialysate-over-plasma creatinine ratio ( Figure 6C , Table 4 ) and by the glucose disappearance rate (data not shown). Taken together, these data give new insights into the mechanism of low osmotic glucose conductance and impaired UF capacity in EPS. They support the hypothesis that a fibrotic interstitium restricts water transport, in line with the serial three-pore membrane/fiber matrix model ( Figure 6F ).
DISCUSSION
In this study, we combine clinical, molecular, and modeling data to demonstrate that the reduction in osmotic conductance to glucose in PD patients is a predictive feature of EPS, and that reduced osmotic water transport is directly related to the degree of interstitial fibrosis and to changes in collagen content and structure in the EPS peritoneal membrane. The availability of serial testing of peritoneal transport in a large cohort of incident PD patients allowed us to demonstrate that patients who will develop EPS show an early loss of UF capacity, due to a progressive impairment in osmotic conductance of the peritoneal membrane, compared with PD duration-and sex-matched long-term PD patients. The loss of UF capacity in patients predisposed to EPS is disproportionate to the increase in small solute transport, revealing an uncoupling between peritoneal water and solute transport. This uncoupling suggests that increased small solute transport with earlier absorption of dialysate glucose-usually seen as the main cause of UF failure-is not sufficient to explain impaired UF capacity in patients with EPS. These results are in line with those from an uncontrolled Dutch cohort showing that patients with EPS had a progressive decline in UF capacity over 4 years and an inverse U-shaped trend in small solute transport. 21 The use of time-matched controls in a UK cohort showed a clear difference in UF capacity between patients with EPS and controls at least 2 years before PD withdrawal. 14 However, the latter study, based on 2.27% glucose PET, could not assess free-water transport. By contrast, we systematically used 3.86% glucose, which provides a more accurate evaluation of UF capacity, as well as sodium sieving, a surrogate for free-water transport. 22 Although most patients on long-term PD have a trend toward decreased sodium sieving during the course of PD, 22 we show here that the decline is significantly faster in patients with EPS. The importance of this functional loss is substantiated by the multivariate analysis, which identifies for the first time the loss of sodium sieving as a powerful and independent predictor of EPS.
In addition to free-water transport across AQP1, sodium sieving also provides information on the maintenance of the osmotic gradient and properties of the membrane that affect osmotic conductance. In line with this, our data demonstrate that the early changes in water transport capacity reflect significant structural and molecular alterations in the peritoneal membrane of patients who subsequently developed EPS. Importantly, we show that the EPS peritoneum is characterized by an excessive fibrogenic response, with specific changes in collagen density and structure. In agreement with previous observations, [23] [24] [25] [26] we show a severe thickening of the submesothelial layer, as well as vascular proliferation in the EPS peritoneum. These changes are clearly excessive in EPS: after an average of 62 months of PD exposure, patients with EPS had a 4.7-and a 1.9-fold increase in the thickness of the submesothelial area compared with uremic and control PD patients, respectively. Using polarized light microscopy, we could then substantiate qualitative changes in the fibrotic interstitium of patients with EPS, with an increased collagen density (+174% and +84% compared with the uremic and control long-term PD peritoneum, respectively), and accumulation of thicker collagen fibers (2.2-and 1.4-fold increase compared with uremic and control long-term PD, respectively). To our knowledge, this is the first time that such qualitative changes are evidenced in the peritoneum of patients with EPS. Of note, similar changes in collagen content and optical properties have been evidenced as part of the scarring process after myocardial infarction. 18, 19, 27 The data presented here show that fibrotic changes in the peritoneum of patients on long-term PD closely correlate with impaired water transport across the membrane, thereby confirming the hypothesis that structural changes in the peritoneal interstitium account for the excessive reduction in osmotic conductance. 28 The interstitium, which is mainly composed of collagen and glycosaminoglycans, constitutes a porous matrix across which interstitial fluid flows. Accumulation of collagen fibers leads to a decreased hydraulic conductance, depending on Figure 2 . Low sodium sieving and net ultrafiltration during PD are predictive of the risk of EPS. The risk of EPS, estimated by logistic regression analysis, progressively increases with lower values of sodium sieving and impaired UF capacity. In this cohort of longterm PD patients, the combination of UF failure (,400 ml during the 4-hour 3.86% modified PET) with a sodium sieving ,0.03 is associated with a risk of EPS .50%. All values of sodium sieving and net UF obtained during the course of PD are included in the logistic regression analysis. n=7 patients with EPS versus n=28 long-term PD controls. Pr(EPS), probability of developing EPS. the volume occupied by collagen fibrils. 29 The effect of interstitial collagen accumulation on water flow has been demonstrated in vitro both in normal interstitia from various organs 29 and in conditions of fibrosis. 30 Reduced osmotic conductance by the fractional volume occupied by collagen fibrils results from three mechanisms: (1) exclusion of glycosaminoglycans from the intrafibrillar space, thereby increasing their extrafibrillar concentration; (2) reduction of the mean hydraulic radius in the interstitium, leading to a reduced area for flow; and (3) tortuosity, which increases the path length for flow. 29 Our results show that increased collagen deposition and concentration in the peritoneal interstitium restricts water transport in vivo, leading to UF failure and loss of free-water transport in patients with EPS. These observations validate the serial three-pore membrane/fiber matrix model proposed by Rippe and colleagues. 20 In this model, fibrotic alterations in the peritoneal interstitium have been suggested to constitute a second barrier outside the capillaries, restricting osmotic water transport without affecting small solute transport. Such an uncoupling between water and solute transport can be explained by the dependence of water filtration to the fourth power of the interstitial radius pores (r 4 ) according to Poiseuille's law, whereas solute diffusion is proportional to the surface of pores (r 2 ). 20 As a result, a reduction of interstitial pore radius by increased collagen density and thicker collagen fibers will thus predominantly affect water transport, whereas its slight theoretical restriction on solute transport will be counterbalanced by vascular proliferation and larger effective vascular surface area. Simulations from the serial three-pore membrane/fiber matrix model showed that the sodium sieving is progressively reduced when interstitial fibrosis and the vascular surface area both progress in parallel, despite the fact that the relative capillary density of aquaporins is kept unchanged. 20 Alternatively, one could postulate that the thickening of the submesothelial area limits the penetration of glucose around peritoneal capillaries, thereby reducing the osmotic gradient across the capillary wall. Studies using 14 C-EDTA (molecular radius, 0.48 nm) have shown an inverse relationship between peritoneal tissue concentration of small substances (urea, creatinine, and glucose) and the distance from the peritoneum, suggesting a distributed model for peritoneal transport. 31 In this model, severe peritoneal fibrosis is expected to alter the dextrose concentration profile, 32 thereby reducing the osmotic gradient and AQP1-mediated water flow across the capillary wall.
We also observed a significant upregulation in VEGF, eNOS, and vWf in the peritoneum of patients with EPS and, to a lesser extent, in long-term PD patients with no EPS. In the latter group, the results were concordant with previous data indicating a 3-fold increase in eNOS as well as the induction of VEGF expression in peritoneal biopsies from long-term PD patients compared with uremic patients. 33 These molecular changes suggest a tight association among inflammation, angiogenesis, vascular permeability, and fibrosis in the peritoneal membrane of patients with EPS. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] In many organs, it has been established that perpetuation of tissue damage contributes to a chronic wound-healing response with continued tissue repair, regeneration and remodeling that ultimately leads to tissue fibrosis. 34 In turn, fibrotic tissues-including the peritoneum 35 -become hypoxic when the expanding tissue remodeling outstrips its vascular supply. Hypoxia then potentiates and prolongs fibrogenesis and angiogenesis, through hypoxia-inducible factor 1a and VEGF. 35 eNOS is a downstream effector of VEGF, and has been shown to promote angiogenesis in ischemic tissues 36 and in the peritoneal membrane. 37 Our data show that EPS is associated with VEGF and eNOS upregulation, either as residua of an early inflammatory phase or secondary to tissue hypoxia due to fibrosis.
The fact that impaired free-water transport is not associated with altered expression or location of AQP1 in EPS is surprising at first sight. AQP1 is the molecular counterpart of ultrasmall Relative increase in the red-and green-positive areas in the submesothelium of uremic (reference), PD, and EPS patients. The relative proportion of red, thicker, collagen fibers increases in the EPS submesothelial area compared with uremic and PD controls. Data are the mean6SEM. n=5, n=7, and n=7 in uremic, long-term PD, and EPS peritoneum, respectively. *P,0.05; **P,0.01; ***P,0.001. Bar, 50 mm. Original magnification, 320.
pore, accounting for half the UF and for the sodium sieving when hypertonic glucose is used as osmotic agent. 44, 45 The loss of AQP1-mediated free-water transport has been suggested as a potential cause of UF failure in long-term PD patients. 46, 47 Admittedly, this study does not allow ruling out a dysfunction or biochemical modification of AQP1. However, free-water transport estimated by the sodium sieving can be affected not only by the availability of functional AQP1 water channels but also by any mechanism of membrane obstruction, such as severe peritoneal fibrosis. 48 This study is in line with predictions of the three-pore membrane/fiber matrix and distributed models, by showing that the vascular density of water channels is kept unchanged in patients with EPS, and by pointing toward excessive peritoneal fibrosis as the most important barrier to fluid flow in these patients.
In summary, reduced osmotic conductance during the course of PD was identified as a powerful and independent predictor of . Interstitial fibrosis acts as a second resistance, in series with the capillary wall, and markedly reduces the UF coefficient of the membrane, contributing to the loss of sodium sieving and free-water transport, despite the fact that the capillary ac (i.e., AQP1 density) remains unchanged. EPS. This functional change is linked to specific alterations of the collagen matrix in the peritoneal membrane of patients with EPS, rather than changes in the degree of vasculopathy or in the expression of water channels. Our multilevel data, based on transport, structural, and expression studies, thus clarify the cause of the excessive reduction in osmotic conductance in patients with EPS.
CONCISE METHODS
Patients with EPS and Peritoneal Transport Analyses
In agreement with EPS diagnosis criteria, 13,49,50 EPS cases were defined as PD patients who presented with recurrent, partial or total, intestinal occlusion, with a definitive EPS diagnosis confirmed by computed tomography and/or laparotomy. Peritoneal function was assessed yearly, with a modified 3.86% glucose-based PET, 22 ,51 which has the advantages over the conventional 2.27% glucose-based PET 52 to assess sodium sieving 22 and allow the diagnosis of UF failure (net UF ,400 ml at the end of the 4-hour dwell with 3.86% glucose, as defined by the International Society for Peritoneal Dialysis 53 ). Sodium sieving was shown to be a reliable-although indirect-indicator of free-water transport, 16 which can be also affected by the diffusivity of small solutes and the overall effect of the reduced ultrafiltration rate per se. 48 All values of sodium sieving were corrected for the rate of sodium diffusion. The PET was part of the normal procedure of care for PD patients.
Peritoneal Sampling and Processing
Paraumbilical biopsy samples of human parietal peritoneum were obtained from uremic patients at the time of catheter insertion, and from PD patients at the time of catheter removal because of renal transplantation or transfer to hemodialysis as part of a routine protocol in our center, and were processed as previously described. 33 The time between last PET and peritoneal biopsy was similar in patients with EPS and controls (9.162.1 versus 7.561.6 months in patients with EPS and controls; P=0.61). Informed consent was obtained from patients. The use of human biopsy samples was approved by the Ethical Review Board of Saint-Luc University Clinics.
Immunoblotting, Immunohistochemistry, and Immunofluorescence SDS-PAGE and immunoblotting, immunoperoxidase staining on human peritoneum sections and immunofluorescence were performed as previously described. 33, 54, 55 We used the following antibodies: mouse monoclonal anti-human eNOS (Transduction Laboratories, Lexington, KY), purified rabbit anti-vWf (DAKO, Glostrup, Denmark), monoclonal anti-human VEGF (Santa Cruz Biotechnology, Santa Cruz, CA), and polyclonal rabbit anti-human AQP1 (Chemicon International, Temecula, CA).
Image Analyses
Information on the criteria used for adequacy of each peritoneal specimen, the assessment of peritoneal fibrosis, vasculopathy, vascular proliferation, collagen volume fraction, and collagen structure is available in the Supplemental Methods. Image analysis was performed using ImageJ software (1.47v).
Statistical Analyses
Data are presented as the mean6SEM. Comparisons between the means from different groups were performed using unpaired t tests, Fisher's exact test, or one-way ANOVA, followed by Bonferroni's multiple comparison tests, as appropriate. Trends were assessed by linear ordinary least-squares regression. Multivariate analysis was performed using a logistic regression random-effects model and included potential risk factors for EPS (age at PD start, PD duration, peritonitis rate, b-blocker use, residual renal function, glucose exposure) in a first model. In a second model, the mean value of sodium sieving during the last 2 years of PD was added to these variables. Probabilities of EPS in function of sodium sieving and UF levels were estimated by multivariate logistic regression. All analyses were performed by GraphPad Prism (version 6.01) or Stata (version 12) software. The significance level is indicated in each figure.
